During the replication cycle of vaccinia virus, four different forms of viral particles are produced. The two extraceUular enveloped forms, cell-associated enveloped virus and extracellular enveloped virus, are responsible for cell-to-cell transmission and long-range spread of infection both in vivo and in vitro. Despite the biological importance of the enveloped forms, the mechanism of envelopment and the components involved in this process have been analysed only recently. Therefore the individual steps and the rate-limiting factors of the envelopment process are still unknown. The protein p37K, an unglycosylated but acylated envelope protein of molecular mass 37 kDa, has been shown to be essential for envelopment. However, this study shows that over-expression of p37K by vaccinia virus recombinants reduces rather than increases the yield of infectious enveloped virus which is mainly due to the enveloped virions exhibiting a strongly diminished specific infectivity.
Introduction
Vaccinia virus, the best characterized member of the poxvirus family, replicates in the cytoplasm of its host cell. The replication cycle leads to the formation of four forms of virions of which the intracellular mature virus (IMV; previously called intracellular naked virus) and the extracellular enveloped virus (EEV) are the best characterized so far. The majority of the virus particles generated are IMV, whereas EEV usually represent only 1-10% of the total virus progeny (Payne, 1979a) . The efficiency of the envelopment process, and hence the proportion of EEV produced, depends on both the viral strain and the host cell line. The biochemical mechanisms and protein interactions leading to the formation of the enveloped virions are not well understood.
The different forms of virion were shown to have different biological roles. Cell-associated enveloped viruses (CEV) are responsible for cell-to-cell transmission (Blasco & Moss, 1992) , whereas EEV are implicated in long-distance spread of infectious virus, both in vitro and in vivo (Appleyard et al., 1971; Boulter, 1969; Payne, 1980; Payne & Kristensson, 1985; Blasco & Moss, 1992) . EEV are the biologically relevant forms in terms of pathogenicity of vaccinia virus (Payne, 1980) . Con-* Author for correspondence. Fax +41 21 692 41 05. e-mail rwittek@ulys.unil.ch t Present address: Chemin d'Oche 1, 1025 Saint-Sulpice, Switzerland. sidering these observations, the low efficiency of the envelopment process and the small amount of EEV released represent puzzling aspects of the vaccinia virus replication cycle. Therefore, identification of the factor(s) involved in EEV formation might contribute to an understanding of important aspects of vaccinia virus biology.
As observed by electron microscopic immunocytochemistry (Schmelz et al., 1994) , the envelopment process starts with the wrapping of IMV particles by two layers of trans-Golgi network-derived membranes. These intracellular enveloped viruses (IEV) migrate to the cell periphery along actin-containing microfilaments (Hiller et al., 1981b) . Here the outermost membrane of the IEV fuses with the plasma membrane, either exposing CEV on the outer cell surface or releasing EEV. The outermost membrane of these so-called three-membrane particles constitutes the envelope.
The envelope contains about 10 proteins not present in the IMV (Payne & Norrby, 1976 , 1978 . The 43-50 kDa, 42 kDa and 37 kDa proteins were shown to be required for the formation of enveloped particles (Rodriguez & Smith, 1990; Blasco & Moss, 1991 ; Engelstad & Smith, 1993; Wolffe et al., 1993; Parkinson & Smith, 1994) whereas the 22 24 kDa protein affects the release of EEV from the infected cells (Duncan & Smith, 1992; Blasco et at., 1993) . Whether the l l0kDa protein and the haemagglutinin have a role in EEV formation or release is unknown.
The major envelope protein is a non-glycosylated, acylated protein of molecular mass 37 kDa (p37K) which in the wild-type (wt) WR strain is encoded by the F13L gene, which has been sequenced (Hirt et al., 1986). The p37K protein lines the inner surface of the envelope and shares some properties with the matrix proteins of other enveloped viruses (Schmutz et al., 1995). The high abundance of p37K suggests that the amount of this protein in the envelope might correlate with the efficiency of the wrapping process and that p37K might represent one of the limiting factors in envelopment.
In this study we were interested to see if the production of EEV can be increased by over-expressing p37K. To this end we have analysed and compared the infectivity and yield of both IMV and EEV progeny of two vaccinia virus recombinants over-expressing p37K with that of the wild-type virus.
Methods

Cells and viruses.
African green monkey CV-1 cells, human thymidine kinase-deficient HTK-143B cells and rabbit kidney RKI3 cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % fetal calf serum (FCS) and containing 100 U/ml and 100 lag/ml penicillin and streptomycin, respectively. The wt and the mutant clone 23 of the IHD-J strain of vaccinia virus, which is resistant to an inhibitor of envelopment (Schmutz et al., 1991) , were obtained from L. G. Payne, the wt WR strain was made available by B. Moss and the temperature-sensitive ts7 mutant of the Copenhagen strain was provided by R. Drillien.
Molecular cloning. The 1.9 kbp ClaI DNA fragment containing the entire F13L sequence (Goebel et al., 1990) , coding for p37K of either the wt or mutant (clone 23) IHD-J virus, was isolated. The overhangs were filled in with the Klenow fragment of DNA polymerase I. The fragment was ligated into the vaccinia virus expression vector priGS-1 (Bertholet et al., 1986) Production of recombinant virus. CV-1 cells were grown in 35 mm dishes and subconfluent cultures were infected with 0.1 p.f.u, of the temperature-sensitive vaccinia virus mutant ts7 per cell (Drillien & Spehner, 1983) . After 1 h at room temperature, 2 ml of medium was added and the cells were incubated at 33 °C for 2 h. The medium was then removed and 250 lal of calcium-precipitated DNA (Graham & Van der Eb, 1973) containing 1 pg carrier DNA, 1.25 lag of wt (WR strain) virus DNA and 0.25 lag of recombinant plasmid DNA were added. As a control, the precipitate contained 1-25 lag of carrier DNA and 0.25 pg of WR virus DNA. After 1 h at room temperature, 2 ml of DMEM containing 2 % FCS was added, and the cells were incubated at 39-5 °C for 2 h. Cells were then treated for 1 min with DMEM containing 10% glycerol, washed twice with 1 ml PBS and then incubated in 2 ml DMEM containing 8 % FCS for 48 h at 39.5 °C.
For the selection of recombinant virus, transfected cells and growth medium were subjected to freezing and thawing three times, sonicated for 30 s in a waterbath and 200 lal of the appropriate dilutions was used to inoculate fresh TK-cells in the presence of 150 pg/ml bromodeoxyuridine. After 3 days at 37 °C, plaques were isolated and subjected to two additional rounds of purification under the same selective conditions as above. The potential recombinant viruses were then amplified and analysed for the presence of the F13L insert with PCR using primers flanking the insertion site in the TK gene (TKr +, 5' GTC CCA TCG AGT GCG GCT AC 3'; TKL-, 5' CGG AAC GGG ACT ATG GAC GC Y). At the same time, the over-expression of p37K was monitored by Western blotting. Two recombinant viruses containing either the wt (rI) or the mutant (clone 23 ; rM) sequence of the F13L gene were used for further analyses.
EEl/, CEV and IMV preparation. The protocol used was described by Blasco & Moss (1991) . Briefly, RK13 cells were infected with wt virus (WR) or with each recombinant virus (rI, rM) at an m.o.i, of 10 in DMEM containing 2% FCS and incubated for 2 h at 37 °C. The medium was then replaced by 2 ml DMEM without FCS and the infection was followed for 24 h. The supernatant containing the EEV was harvested and clarified by low speed centrifugation. The cells were washed twice with PBS containing 1 lag/ml trypsin and then incubated for 1 h at 37 °C in DMEM without FCS, containing 1 pg/ml trypsin. The supernatant containing the CEV was harvested and clarified. The cells were resuspended in 1 ml 10 mM-Tris-HC1 pH 9"0, homogenized by 30 passages through a 26 3/8 gauge needle, and centrifuged in a Heraeus Biofuge A at 2000 r.p.m, for 5 min. The IMV were then recovered in the supernatant. The production of infectious EEV, CEV and IMV by the three viruses was analysed by plaque assay. In addition, the amounts of EEV and IMV particles were compared by silver staining and Western blotting using anti-11K antiserum.
Plaque assay. The wt and recombinant EEV, CEV and IMV were assayed for infectivity by titration on RK 13 cells. Virus (50 pl) diluted in 400 lal PBS was treated with 50 p.1 trypsin (1.25 mg/ml in 1 mM-HC1) for 30 rain at 37 °C. Duplicate dishes were inoculated with 200 pl of serial 10-fold dilutions of wt and recombinant virus samples. The inoculum was removed and replaced by 2ml of overlay [1 x DMEM/0.6% low-melting point agarose (Sigma, agarose type VII)]. The infected cells were incubated for 48 h at 37 °C and the titres were determined after plaque counting.
Western blot analysis'. Protein samples were fractionated on 12 % SDS-polyacrylamide gels or 16.5 % low molecular mass protein gels (Schggger & von Jagow, 1987) under denaturing conditions. Separated proteins were transferred to nitrocellulose membranes by electroblotting for 1 h at 100 V. After transfer, the membranes were soaked in blocking buffer made from TBS-Tween (25 mM-Tris-HCl pH 7-5, 137 mM-NaC1, 3 mM-KC1, 0.05% Tween 20) containing 5% non-fat dry milk. The membranes were then incubated with either rabbit anti-37K antiserum at a 1 : 100000 dilution (Schmutz et al., 1995) , or rabbit anti-I 1K antiserum at a dilution of 1:600 (Hiller & Weber, 1982) in blocking buffer for 1 h at room temperature. After four washes for 10 rain with TBS~Tween, the membranes were incubated for 1 h at room temperature with a rabbit anti-lgG antibody conjugated with horseradish peroxidase (Sigma) at a 1 : 2000 dilution in blocking buffer. After four washes with TBS-Tween, the bound antibodies were detected with an enhanced chemoluminescence kit (Amersham).
Silver staining. After electrophoresis, the SDS polyacrylamide gel was incubated with a solution of 30 % ethanol and 10 % acetic acid in water for 30 min. The proteins were then reduced in 30 % ethanol, 0-1 M-sodium acetate and 0.1% sodium thiosulphate, pH6-0, for 30 min and washed with water three times for 10 min. The gel was soaked in 0.1% (w/v) AgNO z with 25 lal/100 ml formaldehyde (37%) for 30 min and briefly washed once with water and twice with the developing solution containing 2.5 % (w/v) Na2CO a and 50 lal/100 ml formaldehyde (37 %). The proteins were revealed after 1 min or more in the developing solution and the reaction was stopped by addition of acetic acid up to a concentration of 1%. The gel was then washed three times for 5 min with water and dried under a vacuum.
Results
Over-expression of p37K by recombinant viruses
Two recombinant vaccinia viruses containing a second copy of the F13L gene under the control of a strong late promoter were generated. In recombinant rI, this second copy is derived from the wt IHD-J virus. In recombinant rM, the second copy originates from clone 23 virus, a mutant virus of the IHD-J strain which is resistant to the action of the drug IMCBH (Nl-isonicotinoyl-N2-3-methyl-4-chlorobenzoylhydrazine), an inhibitor of vaccinia virus envelopment (Kato et al., 1969) . The mutation conferring drug resistance was shown to result in a single amino acid change in the 37K protein (Schmutz et al., 1991) . The expression of p37K by the two recombinant viruses was compared to that of the wt virus (WR).
RK13 cells were infected at an m.o.i, of 10 with each virus and labelled with [aSS]methionine during the late phase of infection. After 24 h the cells were lysed and the total protein content was determined. Twenty I~g of total protein were analysed by Western blotting using anti-37K antiserum (Fig. 1 a) . In the wt virus (Fig. 1 , lane WR) only a very weak signal was detected. In contrast, lanes rI and rM (Fig. 1) , which contained the proteins from the recombinant viruses, showed signals that were significantly stronger. An analysis of the same membrane by autoradiography showed that the total protein content was indeed similar in all the three lanes ( Fig. 1 b) . Thus the recombinant viruses r! and rM both strongly over-expressed p37K to a similar extent.
Comparison of the infectivities of EEV, CEV and IMV produced by wt and recombinant viruses
To determine whether over-expression of p37K results in a higher yield of infectious EEV, we analysed the production of three different viral forms by plaque assay. RK13 cells were infected at an m.o.i, of 10 with the wt (WR) or the recombinant (rI, rM) viruses. The EEV released in the culture medium, the CEV detached with trypsin from the plasma membrane and the IMV contained within the cells were harvested 26 h p.i. and titrated on RK13 cells (Table 1) . Comparison of EEV production for the three viruses showed that the titres of the rI and rM viruses were 7.6-and 7.3-fold lower, respectively, than the titre of the WR EEV.
The lower EEV titres of the recombinant viruses that were over-expressing p37K might be due to a general lower production of all viral forms. To investigate this possibility, CEV, which are viruses remaining attached to the outer surface of the cell (Blasco & Moss, 1992) , and IMV titres were compared. CEV titres were 5.6-and 5.3-fold lower for the rI and rM recombinants, respectively, as compared to wt virus, and the IMV titres were 2.9-fold lower for the rI recombinant and up to 5-fold lower for the rM recombinant than the wt virus values.
The ratio of EEV to IMV was 0.43 % for wt virus, consistent with published results (Payne, 1979b) . This ratio was markedly reduced to 0.16% for the rI recombinant, and reduced to 0-30 % for the rM recombinant.
These results indicate that the overall production of C. Schmutz and R. Wittek infectious particles is indeed reduced in the recombinants. However, the lower IMV titres alone do not account for the even lower titres found for the enveloped viral forms (CEV and EEV) which are strongly affected in the recombinants that over-express p37K. These titres could, however, be explained by the fact that over-expression of p37K not only reduces the total amount of infectious EEV produced but also their potential to infect host cells, i.e. their infectivity. Obviously, this possibility was not investigated by the titration experiments which only allow quantification of infectious viral particles.
Comparison of the total viral mass in E E V produced by wt and recombinant viruses
Analysis of the protein content in EEV and IMV fractions from wt and recombinant viruses represents a simple means for comparing the production of total viral mass.
In the first experiment, the total numbers of viral particles were compared. Equal numbers of EEV and IMV produced under identical conditions with wt and recombinant viruses, were lysed and the proteins separated under conditions that allowed good resolution in the low molecular mass range. The separated proteins were then analysed by Western blotting using an antiserum that recognized p l l K , a protein present in IMV and EEV and not expected to be affected by the over-expression of p37K in the envelope. For EEV slightly more 11K protein was found in equal numbers of wt virus than was found for the two recombinants (Fig.  2 a) . No difference was detected between the viral progeny from infections with rI or rM viruses. For IMV (Fig. 2b ) similar amounts of p l l K were detected in wt and recombinant virus. These results indicate that over- expression of p37K does not affect the overall production of EEV particles to an extent which would explain the data of the titration experiments.
In an alternative approach to compare the total viral mass, the protein content of equal amounts of infectious EEV and IMV, determined by titration, was compared. Following virus lysis, the proteins were separated by S D S -P A G E and analysed by silver staining. EEV (105 p.f.u.) from the recombinant viruses rI and rM contained much more protein than the same amount of wt virus (WR) (Fig. 3a) . More recombinant particles are thus required to reach a titre identical to that of the wt virus, which shows that over-expression of p37K significantly affects the infectivity of the recombinant viruses. For IMV the protein content in samples with recombinant virus was also higher than in wt virus (Fig. 3 b) . However, this difference was much less marked than for EEV.
Taken together, these results indicate that EEV infectivity is much more strongly affected than IMV infectivity which explains the lower titres observed in the titration experiments.
Discussion
Several viral proteins have been shown to be required for the formation of enveloped vaccinia virus particles. As p37K, the major envelope protein, is one of these, we were interested to see whether over-expression of p37K had any effect on the amount of EEV produced.
Two recombinant viruses containing an additional copy of the F13L gene, coding for the 37K protein, originating either from the wt or mutant (clone 23) IHD-J virus were constructed. The genes of the IHD strain were chosen because this strain is a high EE¥ producer and we therefore expected to show a more pronounced effect when over-expressing the corresponding proteins. Immunoprecipitation (data not shown) and Western blotting showed that p37K was over-expressed by both recombinant viruses.
To get an overall view of the consequences of overexpression of p37K, the EEV and IMV progeny from infections with wt and recombinant viruses were compared by analysing their infectious particle and viral protein content. With EEV, a t-test indicated that the rI and rM recombinant viruses produced significantly (P = 0-001) fewer infectious particles than WR wt virus. The protein content of a given number of infectious recombinant virions was much higher than in an identical amount of infectious wt virions. This shows that overexpression of p37K results in a lower proportion of infectious particles in the EEV progeny. The 11K protein was also used as a reference protein reflecting the viral mass in a given volume of a virus sample. The pllK content of the rI and rM recombinant viruses was slightly lower than in the wt virus, indicating that they produced a little less EEV. The ratio of infectious virions to l lK protein units, as determined by densitometer scanning of Western blots, reflects the infectivity of a given virus population. The comparison of these ratios for wt and recombinant EEV suggested that similar amounts of EEV particles were produced but that it was the infectivity of the recombinant EEV that was strongly affected.
For the intracellular viruses, the titres of recombinant IMV were also lower than in wt virus but to a lower extent than for EEV. Analysis of the protein content suggested that this was also due to a reduced IMV infectivity which was less pronounced than that for EEV.
Attempts to co-immunoprecipitate proteins interacting with p37K were made on both infected cell lysates and EEV lysates (data not shown). Even under low stringency conditions, no protein interactions with p37K could be detected in cell lysates. It is therefore rather unlikely that an excess of p37K sequesters other viral or cellular proteins necessary for EEV formation. Immunoprecipitation on EEV lysates also did not reveal any new protein interactions. The protein complex of 80 kDa observed after immunprecipitation of wt IHD-J EEV lysates in the absence of any reducing agent (Schmutz et al., 1995) was also detected with the wt WR EEV as well as with the recombinant viruses (data not shown) . Surprisingly, the ratio of complexed to monomeric p37K was smaller in the recombinant EEV than in the wt WR EEV.
The observation that the recombinant EEV were less infectious might be explained in several ways. The excess of p37K in the envelope might alter the fluidity of the membrane and hence interfere with fusion to the host cell membrane. Alternatively, insertion of other viral proteins into the envelope may be affected by the excess of p37K, thus modifing the stoichiometry between individual envelope proteins and between envelope and IMV proteins. In fact, deletion of envelope proteins has strong effects on EEV production (Rodriguez & Smith, 1990; Blasco & Moss, 1991; Engelstad & Smith, 1993; Wolffe et al., 1993; Parkinson & Smith, 1994) . This may mean that it is not a single protein that represents the limiting factor in the process of envelopment, but rather that the quantitative ratio and mutual interplay of all components are crucial. It would therefore be interesting to address this issue by measuring the amounts of the respective proteins in the trans-Golgi network (TGN) membranes of cells infected with different viral strains producing various proportions of enveloped particles.
A second mechanism of release, implicating microvilli structures was proposed by Ichihashi et al. (1971) . IMV particles migrate into the microvilli and leave the cells by breaking the tip of these specialized structures. Interestingly, it has been shown that in the absence of p37K, microvilli are no longer present at the cell surface (Blasco & Moss, 1992) . In addition, the association of p37K with the TGN membrane is also required for formation of microvilli (Hiller et al., 1981 a) . It would therefore be interesting to determine whether cells infected with p37K over-expressing recombinant viruses show more microvilli at their surface. If so, recombinant IMV will also be found among the recombinant EEV and CEV. Since EEV fuse twice as fast and efficiently as IMV, a viral stock containing a mixture of the different viral forms will have a reduced efficiency of infection. Furthermore, the ratio of infectious virions to particles is typically higher for EEV (Doms et al., 1990) . These observations are consistent with the reduced titres of EEV and CE¥ produced by recombinant viruses as well as with their protein contents.
